A new freeway ramp control objective -minimizing total weighted travel time is presented in this study. This new objective function is capable of balancing efficiency and equity of ramp meters, while the previous metering objective -minimizing total absolute travel time is purely efficiency-oriented and hence produces a most efficient but least equitable solution. When certain assumptions hold, this metering objective is shown to be equal to minimizing non-linearly weighted ramp delay. A simulation method to achieve the new metering objective is developed and demonstrated using the example of BEEX, a new ramp control strategy also developed in this study, in a microscopic traffic simulator.
INTRODUCTION
Ramp metering has been applied since the 1960s in Chicago, IL; Detroit, MI; and Los Angeles, CA. The purpose of ramp meters was to reduce congestion by managing traffic demand, improving the efficiency of merging, and reducing accidents. The first application in Chicago in 1963 involved a police officer who would stop traffic on an entrance ramp and release vehicles one at a time at a predetermined rate, so that the objective of safer and smoother merging onto the freeway traffic was easier to achieve without disrupting the mainline flows (May 1964) . Success of these early applications led to the extension of ramp metering systems to many other metropolitan areas 1 .
Since the earliest attempts at ramp metering, various benefits of ramp meters have been explored and documented in a number of papers (e.g. Pinnell et al. 1967 , Newman et al. 1969 , Fonda 1969 , Gordon and Wynne 1973 , Piotrowicz and Robinson 1995 . Ramp meters are capable of lowering travel times, increasing freeway throughputs, reducing accident rates, reducing fuel consumption and emissions, and offering opportunities to provide priority entry to high-occupancy vehicles (HOV bypass). However, ramp meters have some negative effects, such as the impacts of diversion onto surface streets, and long queues at entrance ramps. It has also been argued that ramp meters tend to reserve freeways for commuters traveling from suburbs, while at the same time drivers accessing freeways near the city center are discouraged. Despite the fact that these negative impacts have been pointed out in literature as early as the 1960s (e.g. Pinnell et al. 1967) , many evaluation studies focus only on the beneficial side of ramp metering and fail to fully analyze its negative impacts.
An equity measure, more specifically a spatial equity measure, is able to capture the aforementioned negative impacts of ramp meters. A widely used equity measure, Gini coefficient (Gini, 1936) , has been introduced to the field of ramp metering by Levinson et al. (2002) . In a freeway system controlled by ramp meters, spatial equity measures the distribution of delays among drivers who access the freeway from different on-ramps 2 . If all drivers experience the same average trip speed, the system is perfectly equitable. Most existing ramp control strategies aim to minimize total travel time in the system, which totally ignores the distributional impacts. The solutions based on this metering objective suggest that the highest efficiency is achieved when only the on-ramps closest to active bottlenecks 3 are metered (Zhang and Levinson 2002, Kotsialos and Papageorgiou 2001) . This implies the most efficient ramp control strategy is also the least equitable one since the least number of onramps will be controlled so as to provide free-flow conditions for commuters originating from other on-ramps. The trade-off between efficiency and equity is also confirmed in a field testTwin Cities ramp metering shut-off experiment in 2000 .
The most efficient ramp control strategy, therefore, is not politically attractive for its negative impacts on equity. The public has substantial doubts on the overall effectiveness of the system after experiencing long delays at some entrance ramps. Uneven distribution of benefits in which long-distance travelers gain while short-distance travelers lose has been criticized as a stimulus to urban sprawl. All these suggest that, though 2 In contrast with spatial equity, temporal equity measures inequity among drivers who access the freeway from the same on-ramp throughout a study period. Hereafter in the report, "equity" or "equitable" will be used to refer to "spatial equity" and "spatially equitable". 3 The traffic condition at an active bottleneck will not be affected by another bottleneck further downstream.
improving efficiency is the original and still the most important goal of ramp metering, equity should be considered, at least, as the secondary objective to make it a viable system. Although the importance of equity has not been mentioned explicitly in the ramp metering literature, some practical equity considerations have evolved over time implicitly. A constraint on the maximum queue length at entrance ramps, which appears in almost all operational ramp control strategies, actually improves the fairness of ramp metering by giving priorities to vehicles in a long queue, thought it was originally proposed to prevent ramp vehicles from spilling over onto local streets. Similar to the queue length constraint, the stratified zonal algorithm in the Twin Cities has a restriction on ramp delay which ensures that the waiting time at on-ramps will not exceed four minutes. When these constraints become active during the control period, they override the objective function (minimizing total travel time).
However, this compromising process is achieved implicitly and its effectiveness in balancing efficiency and equity is difficult to determine. The overriding mechanism associated with these constraints is not proactive and sometimes improves equity only marginally at a significant price of efficiency. Moreover, in practice, the constraint on queue length is largely determined by the location of the on-ramp queue detector, which makes it difficult to adjust the control algorithm as the demand pattern changes.
On-ramp coordination in various coordinated ramp control algorithms can also potentially improve the fairness of ramp metering by distributing delays among on-ramps.
The Minnesota zonal algorithm controls all on-ramps in a coordination group to assure the flow at the bottleneck is below capacity. The Denver strategy has a "helper algorithm" which applies more restrictive metering rates at upstream ramps in order to relive a downstream one operating at the most restrictive rate. There are actually two types of on-ramp coordination which differs in their goals and should be distinguished. Efficiency coordination is the original rationale of coordinated on-ramp control algorithms -preventing freeway breakdown and eliminating (theoretically) freeway mainline congestion. Controlling a single ramp upstream of an active bottleneck (the control in a local ramp metering strategy) frequently fails to prevent freeway breakdown and efficiency coordination can overcome this problem.
In contrast, the purpose of equity coordination is to improve equity. In general, equity coordination tend to meter more on-ramps than necessary so as to distribute delays more evenly among on-ramps. For instance, if at least two on-ramps must be metered to relieve a downstream bottleneck, efficiency coordination would only coordinate two ramps while equity coordination may require more than two on-ramps to be metered. Equity coordination has a direct impact on the distribution of benefits in the ramp metering system. As more ramps are metered, an improvement in system equity at the price of efficiency should be observed. The scope of equity coordination can be easily adjusted in response to traffic growth and drivers' perception.
This research aims to examine the effectiveness of equity on-ramp coordination in balancing efficiency and equity of ramp meters by the development of a new family of ramp control strategies with various degrees of equity considerations, BEEX 4 . On-ramp coordination refers to equity coordination for the remainder of the paper unless otherwise specified. In order to identify an optimal balance between efficiency and equity, an objective function, or performance index, must be defined in advance. The next section (section 2) presents a new objective for ramp metering -minimizing total weighted travel time, as well as a simulation method which is able to map different equity considerations to a scalar value 4 BEEX -Balanced Efficiency and Equity algorithm with equity coordination factor X. 
A NEW OBJECTIVE FOR RAMP METERING
When efficiency and equity are both considered, finding the optimal ramp control strategy becomes a bi-objective optimization problem. The standard methods in operations research that deal with multi-objective optimization problems are efficient frontier and goal programming (Rardin 1998) . The decision makers need to either specify the relative importance of the objectives, or determine the satisficing levels of the objectives (the goals).
In the bi-objective optimal ramp control problem, though efficiency can be measured by total travel time and equity can be measured by means of Gini coefficient (Gini, 1936) or entropy statistic (Shannon 1948) , the relationships between the design variables (ramp metering rates) and these measures are not explicit. This makes it very difficult to directly weight the two objectives, and these optimization techniques therefore are not very effective if the optimal ramp control is formulated as a bi-objective optimization problem. We then turn to ask the question why the traditional t objective for ramp metering fails to address equity.
A new objective for ramp metering
The goal of many existing and proposed ramp metering algorithms is to minimize total travel time in the system (a freeway or a freeway corridor). Its inability to address equity results from the fact that all travel times are counted equally. Reducing ten-minute free-flow travel time and reducing ten-minute stop-and-go travel time is equally desirable. In order to improve equity, the control policy should give priorities to those who have gained the least (or lost the most), and consider their needs as more urgent. In the context of ramp metering, drivers who have been delayed by the control algorithm for the sake of the overall system performance should be considered more important. An easy way to incorporate this idea into traffic control is to weight travel times. How much more important the delayed drivers become depends on the functional form of the weighting function. But in general, delays have heavier weights than free-flow travel time, and long delays have even heavier weights than short delays. The weight is similar to the value of travel time, but they could be different, which will be discussed later. Then a theoretical way to balance efficiency and equity in the optimal ramp control problem would be to reset the optimization objective from minimizing total absolute travel time to minimizing total weighted travel time.
May theoretical and practical studies on ramp metering do not allow freeway mainline congestion, which is realized by a constraint restricting freeway mainline flow to be strictly blow capacity. In this case, freeway mainline is operated at free flow conditions and the new metering objective can be further simplified:
Where: TWTT total weighted travel time of the freeway system (mainline + ramps);
WFTT weighted freeway mainline travel time;
WRD weighted ramp delays.
The total demand is assumed to be fixed and total freeway mainline travel time thus becomes a constant since it is simply the demand divided by the free-flow speed. The weight for free flow travel time should be a constant in any weighting function. Therefore, WFTT must also be a constant. Minimizing TWTT, the new ramp metering objective, becomes minimizing WRD:
The new objective function is equal to minimizing weighted ramp delay when freeway internal queues are not allowed and demand is fixed. Similarly, minimizing total absolute travel time (TTT) can be shown equal to minimizing absolute ramp delay (RD):
It can be shown, by contradiction, that for the new metering objective to be capable of balancing efficiency and equity, the weighting function must be non-linear for individual ramp delays (i.e. longer delays are weighted more heavily):
If linear weights are used:
Where: α d a constant weight for ramp delay Drop out α d when minimizing both sides of equation (5):
(2), (3) and (5) together give:
That is, when ramp delays are not weighted non-linearly, minimizing total weighted travel time would be exactly the same as minimizing total absolute travel time which results in purely efficiency-oriented ramp control solutions. The weights must be non-linear to be meaningful. Therefore, the new metering objective can be restated as minimizing non-linearly weighted ramp delays.
The weighting function
Before implementing the new metering objective, we need to generate a reasonable non-linear weighting function for ramp delays. One would naturally relate this weighting function to the value of travel time because of their similarity. If the monetary value of travel time is used as the weight for ramp delay, the new objective function becomes minimizing total monetized travel costs. But unfortunately there is currently no value-of-time function capable of weighting ramp delays non-linearly based on our best knowledge, though nonlinear value of travel time has been explored by many previous studies. These studies only focus on how drivers perceive differently travel times classified by some rather broad categories (e.g. free-flow, delayed, stop-and-go, complete stop). For instance, Hensher (2000) estimates the elasticity between stop-and-go travel time and free-flow travel time from multinomial logit and mixed logit models using data collected from a stated preference survey, finds that one minute of stop-and-go travel time is 8 to 17 times more onerous than one minute of free-flow travel time. These researches provide values of travel time that are non-linear only globally, however, the values for ramp delays are still linear since they do not tell us how drivers perceive ramp delays with unequal lengths differently (see Figure 1) .
Therefore, these current "non-linear" value-of-time functions are unable to weight ramp delays non-linearly, and hence unable to help balance efficiency and equity of ramp meters.
There are some ongoing studies which aim to derive the non-linear values of ramp delays using driving simulation. We can expect that a set of non-linear weights for ramp delays based on value-of-time studies will become available in the near future.
The non-linear weights for ramp delays do not have to conform to the values of travel time. The weights represent the relative importance of ramp delays, so they can also be specified appropriately by traffic engineers to solve some practical ramp metering problems.
For instance, if the delays at some entrance ramps under the current control strategy are perceived unbearable and it is desirable to ensure that no driver will wait for more than four minutes, the weight function for ramp delays can be specified such that the weights for all delays shorter than four minutes are unity and for delays longer than four minutes infinity.
Implementation
Solving the optimal ramp control problem with the new objective function is not easy.
In current mathematical formulations of the optimal ramp control problem, individual ramp delays are not identifiable. To formulate the optimal ramp control problem with the new objective function, a First-In-First-Out (FIFO) queuing system at each metered entrance ramp must be introduced such that individual ramp delays can be captured and weighted. This will tremendously increase the complexity of the optimal ramp control problem, because a set of transformation equations converting on-ramp departure/arrival rates to individual ramp delays must be included, and non-linear weights will enter the objective function.
A simple alternative way to achieve the new metering objective is to rely on traffic simulation. Instead of formulating a mathematical program, solving it, and deriving the ramp control logic that optimally balance efficiency and equity, one can have all candidate control strategies with different degrees of equity considerations tested in a traffic simulator and calculate total weighted travel times respectively using simulation outputs. The best control strategy, which yields the lowest total weighted travel time, thus can be determined. The task of mapping equity considerations to total weighted travel time is achieved via simulation. In order to generate the candidate ramp control strategies, various equity considerations can be added to the most-efficient metering logic: metering the on-ramps closest to any active bottleneck. Each one of the equity considerations would then correspond to a candidate ramp control strategy. This simulation method is similar to a two-stage choice process: feasible alternatives (equity considerations) are first identified and then the final choice is made from these alternatives based on a choice rule (minimizing total weighted travel time).
A FAMILY OF RAMP CONTROL STRATEGIES
The highest efficiency of the ramp metering system is achieved when only the onramp(s) closest to every active freeway bottleneck are metered (Zhang and Levinson 2002, Kotsialos and Papageorgiou 2001) . A new family of ramp control strategies, BEEX, is developed in this study which implements this most-efficient ramp metering logic with different degrees of equity considerations. The active bottlenecks are identified dynamically at real-time in BEEX, i.e. each freeway section has the potential of becoming an active bottleneck. The equity of the metering system is improved through on-ramp coordination. In BEEX, X on-ramps will be metered coordinately upstream of an active freeway bottleneck to distribute delays evenly among the on-ramps whenever it is feasible. As the value of X increases, i.e. more on-ramps are coordinated, the system equity should also increase, hopefully at a small expense of efficiency. The on-ramp coordination process in BEEX is executed such that individual ramp delays at all on-ramps in the same coordination group are equal for vehicles entering these on-ramps at the same time interval. There are two constraints in the BEEX strategy. First, the flow at any freeway mainline section at any control interval freeway mainline congestion must be kept below the capacity of that section at that control interval, which will be referred as constraint 1 in the following discussion. The other constraint (constraint 2) is a physical one that requires the metering rates must be nonnegative and not larger than the actual demand at the entrance ramp. Whenever the on-ramp coordination does not violate either of the two constraints, it will be implemented. There are cases where the constraints can be violated. Sometimes when on-ramps are coordinated to relieve a current active bottleneck section, the flow at another section within the coordination group may become a new active bottleneck. This is a problem practitioners implementing ramp control algorithms with fixed bottleneck location frequently meet. This issue is also addressed in BEEX.
The detailed mechanism of BEEX is illustrated using the example of BEE3 in which the on-ramp coordination factor X = 3 (whenever feasible three on-ramps upstream of an active bottleneck will be coordinated). All the values in the following presentation are in synchronized time (i.e. the time in a coordinate moving downstream at the free flow speed).
The control procedure in BEEX is essentially a combination of on-ramp coordination steps which improves the equity of the system, and checking steps which ensures that neither of the two constraints are violated at any control interval (see Figure 2 ). All on-ramp coordination steps are similar and so are all checking steps. During each control interval:
Step 0: Update detector measurements at all freeway sections. A transient variable "exchanger", E, is set to an arbitrary large value (larger than the capacity of any freeway section): E = large. The physical meaning of E is the maximum allowable mainline flow from an upstream on-ramp coordination group to a downstream one.
Step 1 (On-ramp coordination): We start with the furthest downstream section (Section 1).
Section 1 automatically becomes a critical section. The effective capacity C of Section 1 is the minimum between its real capacity (assumed to be known for all mainline sections) and the current E 5 . The three ramps upstream of Section 1 will be coordinated to ensure the flow in Section 1 will not exceed its effective capacity C since the on-ramp coordination factor X is three. The three on-ramps are coordinated in such a way that the individual ramp delays for drivers using them are equal, which is achieved by equalizing the ratio (
constraint 2 is satisfied) of the metering rates (M) to the current ramp demands (D) at all three on-ramps:
The following inequality must hold, otherwise constraint 1 in Section 1 will be violated:
C a available capacity for on-ramp demand A mainline upstream flow of the current coordination group; X sum of exiting flows at all off-ramps in the current coordination group; U sum of unmetered flows (if any) in the current coordination group.
(7) and (8) together give:
Therefore, R should be the largest value between 0 and 1 that satisfies (9). We have three cases:
E = large
This means Section 1 is a real active bottleneck. By metering the three on-ramps in the current coordination group we are able to relieve it.
Case 2:
Section 1 is actually not an active bottleneck, and we can allow all vehicles currently waiting at the three on-ramps enter the freeway.
Section 1 is an active bottleneck but we cannot relieve it by metering the three onramps in the current coordination group. Therefore, to ensure that constraint 1 is satisfied, we need to not only set the rates to be zero for all meters in the current coordination group, but also find the maximum allowable upstream flow (E). In this
case, E will be considered when the rates for meters further upstream are determined (for the next upstream coordination group, effective capacity is the minimum between its real capacity and E).
The ramp metering rates for the three ramps in the current coordination group are then D 1 R, D 2 R and D 3 R respectively. These metering rates are not final since they are still subject to the following checking step.
Step 2 (Checking):
Step 1 only guarantees that constraint 1 will be satisfied in Section 1. We need to check whether it is also satisfied for other sections in the current coordination group (Sections 2 and 3). Given the metering rates determined in Step 1, we can compute mainline flows on Sections 2 and 3 and use them to check whether constraint 1 is satisfied starting from the downstream section (Section 2) 6 . The first section where constraint 1 is violated during the checking process becomes the new critical section for the next coordination group. The checking step stops and a new on-ramp coordination step begins with this critical section. If constraint 1 is satisfied in all sections in the current coordination group, the section immediately upstream of the current coordination group becomes the new critical section for the next on-ramp coordination step. In the example, Constraint 1 is violated in Section 3 and hence Section 3 becomes a new critical section (See Figure 2) . As a result, the coordination we did in Step 1 for the old critical section (Section 1) needs to be redone with a new on-ramp coordination factor 2 (only on-ramp 1 and 2 since on-ramp 3 now belongs to the new coordination group).
Step 3 (On-ramp coordination): This step is similar to step 1 except that now there are only two on-ramps to be coordinated. We compute the new R, the new metering rates (M 1 , M 2 ) for on-ramp 1 and 2 and the new E using the methodology described in Step 1.
Step 4(Checking): Similar to step 2. Check all coordinated sections in the current coordination group (Section 2). We find that constraint 1 is satisfied in Section 2 based on the metering rates determined in step 3. Therefore, we now can proceed to coordinate the meters in the next upstream coordination group whose critical section is Section 3. The metering rates determined in Step 3 will then be the final rates for on-ramp 1 and 2.
Step 5 (On-ramp coordination): The coordination process in
Step 5 is the same as that in Step 1 except that the current critical section is Section 3. The effective capacity is the minimum of the current E and the real capacity of Section 3. Since in BEE3, the on-ramp coordination factor is three, we coordinate three on-ramps upstream of Section 3 (on-ramp 3, 4 and 5). We compute R, metering rates (M 3 , M 4 and M 5 ) and E using the methodology described in Step 1.
Step 6 (Checking): Now check constraint 1 for all sections in the current coordination group (Sections 4 and 5). Since constraint 1 in Sections 4 and 5 is satisfied, we can proceed to the next critical section -Section 6 and the metering rates obtained in
Step 5 are the final rates for on-ramp 3, 4 and 5.
Step 7 (On-ramp Coordination): The critical value for Section 6 is the minimum between the real capacity of Section 6 and the current E. We then coordinate three on-ramps upstream of Section 6 since the on-ramp coordination factor is three.
These alternating on-ramp coordination and checking processes in BEE3, which are fully described in the above seven steps, will be repeated until the metering rates for all onramps in the controlled freeway system are determined. The only difference between BEE3 (X = 3) and other control strategies in the BEEX family is the value of X -on-ramp coordination factor. The input data required by the BEEX strategies only include freeway mainline capacity and real-time flows on freeway mainline and on-/off-ramps which are collected routinely in many metropolitan areas.
THE OPTIMAL STRATEGY
The ramp control strategy which optimally balances efficiency and equity should result in the least total weighted travel time according to the new metering objective function.
The BEEX strategies with different degrees of equity considerations become the candidate strategies from which an optimal one needs to be identified. As described at the end of Section 2, traffic simulation can be used to evaluate the candidate strategies and compute their respective total weighted travel times. A microscopic traffic simulator -AIMSUN2 (Barceló et al. 1994 ) is selected to demonstrate the simulation method. All BEEX strategies are coded as ramp metering modules in C++. The module during the simulation reads real-time traffic data from the simulator and pass computed ramp metering rates back to the simulator through a communication interface. Five simulation runs have been replicated for each ramp control strategy and the based case (no ramp metering) with the same five random seeds that are randomly generated. Total weight travel time, as well as the total absolute travel time, in the simulated freeway segment is calculated from the simulation outputs for each control scenario (BEE1, BEE2, …). The non-linear weighting function for ramp delays specified for the computation is an arbitrary one in which the weight increase at a diminishing rate as ramp delay increases. Details about this computation process can be found in appendix 1 at the end of the paper.
The simulation and computation results are illustrated in Figure 3 . BEE1 is the most efficient ramp metering algorithm which minimizes total absolute travel time. The total absolute travel time is 10 percent lower with BEE1 than that in the no-control scenario. There is not equity consideration in BEE1 since meters will never be coordinated just in order to distribute delays more evenly among on-ramps (no equity coordination). But BEE1 cannot be viewed as a local control algorithm since meters can still be coordinated to together relieve an active bottleneck (efficiency coordination). This confirms the result of previous studies that the highest efficiency is achieved when equity is totally ignored. In BEE1, the least number of on-ramps will be metered to provide free-flow conditions on the freeway mainline for all other drivers.
As X increases from one to six, more and more on-ramps will be coordinated to improve equity. The maximum equity will be achieved if all on-ramps upstream of a bottleneck are metered to relieve it. It is clear in Figure 3 that equity is improved at the expense of efficiency which drops consistently as X increases. There dose not seem to be a situation where efficiency and equity can be both improved. When equity is weighted more and more, up to a critical point (X = 5) the resulting efficiency of the metered freeway is even worse than the no-metering case. Therefore, there should be a limit for equity considerations.
If at the critical point (BEE5), the ramp metering system is still considered as inequitable by the decision-maker or by the public, the system should not be deployed at all since in that situation, no-control is obviously a better choice. One can only play the game of balancing efficiency and equity of ramp meters within a range -between the pure efficiency-oriented strategy and the critical point.
The above results are general and not restricted by our new objective function for ramp metering. Now, we want to examine what is the control strategy that optimally balance efficiency and equity, which is judged by the new objective function. When the objective is to minimize total weighted travel time, BEE1 is no longer the optimal strategy. For the TH169 test site, BEE2 is optimal which yields the least total weighted travel time. When efficiency and equity are the two objectives, all BEEX strategies can be viewed as Pareto optimal solutions to the optimization problem (Maximize efficiency; and Maximize equity) at the frontier since none of them is better than any other from both perspectives. The total weighted travel time actually weight the two objectives implicitly and so help us pick one from these solutions. This new objective itself has a clear physical meaning.
The simulation method and the discussion are not specific to either AIMSUN2 or the test freeway site. They can be applied to achieve the new metering objective on other freeways with other traffic simulators.
CONCLUSIONS
In summary, we have done three things in this study: (1) an alternative objective for ramp metering, minimizing total weighted travel time, is proposed to balance efficiency and equity of ramp meters; (2) A family of ramp control strategies with different degrees of equity considerations, BEEX, is developed; (3) The BEEX strategies are evaluated by the new objective function in a traffic simulator, and the algorithm that optimally balance efficiency and equity is identified for a test freeway site.
In Fall 2000, more than four hundred ramp meters in the Twin Cities were forced to be turned off for eight weeks by the Minnesota state legislature since the public perceived long delays at some ramps and thought the system is operated inequitably and at best inefficiently.
During this experiment, evaluation results from both the field , Cambridge Systematics 2001 and traffic simulation (Hourdakis and Michalopoulos 2002) defended ramp meters as an effective tool to improve freeway efficiency. The trade-off between efficiency and equity in freeway ramp metering is clearly identified during the experiment. Under the pressure, the Minnesota Department of Transportation modified the previous control algorithm by including an ad hoc equity consideration. This experiment is an example of the emerging need of balancing efficiency and equity of ramp control policies.
Though the trust crisis of ramp meter occurred first in the Twin Cities, drivers in other cities with ramp metering will also be more aware of the inequity of the system as traffic continue to grow and delays at some ramps (those upstream of freeway bottleneck) become unbearable.
With a purely efficiency-oriented goal of minimizing total travel time, the fairness of the system will inevitably be worse off as the demand on freeways increases. Improved efficiency and mobility for the system as a whole is a good thing. However, if that is achieved by helping some drivers at others' expense, there is also a serious equity issue that should be considered. As an alternative, minimizing total weighted travel time is introduced in this study to balance efficiency and equity in a systematic fashion. As transportation researchers and traffic engineers, our task is to find effective tools to solve transportation-related problems.
The traditional engineering goal of maximizing efficiency has been used in ramp metering to address the congestion problem on urban freeways. The new objective of balancing efficiency and equity is proposed in this study as a tool to address the emerging problem of public acceptance. In a world full of compromises, there is rarely a perfect way to solve problems.
The new objective function is exactly a compromise between the view hold by engineers (efficiency) and the view hold by politicians (equity).
The objective of minimizing weighted travel time presented herein can be easily extended to other transportation systems when distributional impacts of traffic control devices become important. For instance, traffic signals at intersections also impact the distribution of delays among drivers. Using traffic simulation to evaluate the weighted travel time in such systems should also be feasible.
The control strategies in the BEEX family have various degrees of considerations.
They are capable of identifying dynamic freeway bottlenecks, only require input traffic data that are widely available, and improve equity of the system by coordinating on-ramps upstream of active bottlenecks. Decision-makers can adjust the balance between efficiency and equity to the desirable level by simply adjusting the value of a single parameter in BEEX -the equity coordination factor.
There are other ways to improve the equity of ramp meters, but on-ramp coordination probably is the only one that can achieve it continuously and systematically during the control period. A constraint on the maximum queue length or the maximum queuing delay for each on-ramp can also potentially improve equity by eliminating extremely long delays, but they are typically incorporated in control algorithms though an overriding mechanism. For a certain amount of time, meters are controlled by a sophisticated algorithm to maximize efficiency. Suddenly, the constraint on queue length or delay become active, and a very simple rule will override the algorithm so that equity can be improved. Future research can compare the effectiveness of these different methods. Hensher (2000) show that on average ramp delays are weighted 8 to 17 times more than free-flow travel times. Therefore, we construct the non-linear weighting function f(.) in such a way that the average weight for all ramp delays falls within the range (8, 17).
Subtracting absolute ramp delay (RD) from total absolute travel time (TTT), we obtain freeway mainline travel time (FTT, veh*hrs):
Since the BEEX algorithms do not allow freeway mainline congestion, the freeway mainline travel times under these algorithms are all free flow travel times. Hence, the weighted freeway mainline travel time (WFTT, veh*hrs) is equal to absolute freeway mainline travel time (FTT) since the weight for free flow travel time is normalized to one:
The total weighted travel time (TWTT, veh*hrs) is the sum of the weighted ramp delay (WRD) and the weighted freeway mainline travel time (WFTT): 
